Abstract We determine relative stellar ages and metallicities mainly for about 80 elliptical galaxies in low and high density environments via the latest binary stellar population (BSP) synthesis model and test a latest hierarchical formation model of elliptical galaxies which adopted the new ΛCDM cosmology for the first time. The stellar ages and metallicities of galaxies are estimated from two high-quality published spectra line indices, i.e. Hβ and [MgFe]. The results show that elliptical galaxies have stellar populations older than 3.9 Gyr and more metal rich than 0.02. Most of our results are in agreement with predictions of the model: First, elliptical galaxies in denser environment are redder and have older populations than field galaxies. Second, elliptical galaxies with more massive stellar components are redder while have older and more metal rich populations than less massive ones. Third, the most massive galaxies are shown to have the oldest and most metal rich stars. However, some of our results are found to be different with predictions of the galaxy formation model, i.e. the metallicity distributions of low-and high-density elliptical galaxies and the relations relating to cluster-centric distance.
INTRODUCTION
Now it is a golden era to study galaxy formation and evolution. Fortunately, elliptical galaxies supply us a good chance to carry out this work because they seem to be homogeneous stellar systems that have uniformly old and red populations. Besides, elliptical galaxies have negligible amounts of gas and have very little star formation. Therefore, it is convenient to study galaxy formation via ellipticals first. After the significant development of cosmology (e.g. Peebles 1980 ), the image that galaxies formed in a universe dominated by dark matter was widely accepted.
But people are still arguing about the mechanism of elliptical galaxy formation. Recently, there are mainly two arguing pictures of elliptical galaxies' formation. On the one hand, some people suggest that elliptical galaxies formed in a single intense burst of star formation at high redshifts and then their stellar populations passively evolved to the present day. This "monolithic" scenario can explain the dense cores, metallicity gradients (Kormendy 1987; Thomsen & Baum 1989; Kormendy & Djorgovski 1989) and fundamental scaling relations such as the colour-magnitude relation and the fundamental plane of elliptical galaxies (Kodama et al. 1998; van Dokkum & Stanford 2003) , but it cannot explain different metallicity levels of halo stars and the big age range of globular clusters. On the other hand, based on evidence of strong gravitational interactions and mergers between disk galaxies, Toomre & Toomre et al. (1972) pointed out that elliptical galaxies are possibly formed by the merging of smaller galaxies. It is very the so-called "hierarchical" scenario of galaxy formation.
In recent years, the hierarchical picture is thought as the most possible mechanism of galaxies and was deeply simulated, e.g. Kauffmann et al. (1993 Kauffmann et al. ( , 1996 Kauffmann et al. ( , 1998 and Durham group (Baugh et al. 1996 , Baugh et al. 1998 , Cole et al. 2000 . In these studies, some exciting results are presented, e.g. the star formation histories of galaxies (see e.g. Baugh et al. 1998) . But on the observational side, studies showed some different trends: Firstly, it is found that a significant fraction of early-type galaxies have recent star formation (Barger et al. 1996) . Secondly, it is also found that only a small fraction of mass is involved in the interaction and merger of galaxies. And thirdly, some related issues, e.g. the super-solar [α/Fe] ratio of massive ellipticals, which suggests these galaxies formed on relatively short time-scales and have an initial mass function that is skewed towards massive stars, have brought forward. It seems that those early models of the hierarchical formation of elliptical galaxies are difficult to explain and reproduce these observed trends (Thomas 1999) . In 2006, De Lucia et al. (2006) brought forward a new hierarchical model of the formation of elliptical galaxies. This model, adopting the new ΛCDM cosmology and high-resolution simulation, tried to explain the "anti-hierarchical" behavior of star formation histories of elliptical galaxy population and presented some new predictions. Therefore, it is more valuable to study the formation of elliptical galaxies based on this kind new models now.
To study galaxy formation, stellar population synthesis has become a very useful and popular technique in these years because different galaxy formation models usually predict different star formation histories. A series of detailed studies of stellar populations of galaxies in both observational side and semi-analytic side have been carried out in recent years (e.g. Trager et al. 2000a, b; Terlevich & A. Forbes D. 2002; van Zee et al. 2004) . However, all these works used the single stellar population (SSP) synthesis models (e.g. Vazdekis et al. 1996 Vazdekis et al. , 1997 Vazdekis 1999; Worthey 1994; Bruzual & Charlot et al. 2003) as the binary stellar population (BSP) synthesis model was not available. But as pointed out by Zhang et al. (2005a, b) , binary interaction plays an important role in the study of evolutionary population synthesis. In their work, some different results from SSP models were shown (see Zhang 2005a in more detail). Thus we are now asking the question that how hierarchical formation model of elliptical galaxies is supported if we take the binary interaction in stellar population synthesis into account. We plan to find some answers by making use of the BSP model of Zhang et al. (2005b) and the hierarchical formation model of De Lucia et al. (2006) in this paper. But we here do not intend to investigate the effects of binary interaction, which is very the subject of another paper. The structure of the paper is as follows. In Sect. 2 we introduce our galaxy sample and the BSP model. In Sect. 3 we give a brief description of the determination of stellar ages and metallicities and then show the main results. In Sect. 4 we test the latest hierarchical formation model of elliptical galaxies and finally we give our discussion and conclusion in Sect. 5.
OUR DATA SAMPLE AND THE BSP MODEL

The galaxy sample
We mainly define a sample by selecting all normal ellicptical galaxies in the sample of Thomas et al. (2005) . As a result, 71 normal elliptical galaxies are included while 51 S0 and 2 cD galaxies are excluded by our sample. Then the B − V colors and B-band absolute magnitudes of these galaxies are supplemented from the HyperLeda database (http://www.brera.mi.astro.it/hypercat/) if it is possible. In the sample, 42 elliptical galaxies reside in low-density and 29 in high-density environments. The galaxies in low-density environment include all galaxies that do not reside in high-density environment. In fact, these data are very good for estimating stellar ages and metallicities because they were selected from some creditable sources (González 1993; Mehlert et al. 2000 Mehlert et al. , 2003 Beuing et al. 2002; Lauberts & Valentijn 1989) and reobserved by Thomas et al. if necessary (19 objects were reobserved) . In particular, because the absorption-line strengths of galaxies are measured as functions of galaxy radius in the sources, the central indices measured within r e /10 (where r e is the effective radius) are adopted, so that the analysis does not suffer from aperture effects. In this work, we use the reliable Lick indices Hβ, Mgb, and <Fe>=0.5×(Fe5270+Fe5335) directly. According to Thomas et al. , the medians of the 1σ errors in Hβ, Mgb, Fe5270 and Fe5335 are 0.06,0.06,0.07 and 0.08, respectively. It is also another advantage to take these data because these elliptical galaxies span a large range in central velocity dispersion 0 ≤ σ 0 /(km s −1 ) ≤ 340, which is very convenient to study the relations between stellar specialities and stellar mass following the result of Thomas et al. (2005) . The detailed data of our sample galaxies are shown in Table 1 . In the table, the galaxy name, velocity dispersion, Hβ, Mgb, <Fe>, M B , B − V , environment and the observational uncertainties of three line indices are shown. Besides, we also select 11 elliptical galaxies in the Fornax cluster from Kuntschner (2000) , but they are only used for testing the predictions relating to cluster-centric distance.
The BSP model
In this work, we translate central line indices of galaxies into stellar ages and metallicities via the BSP model of Zhang et al. (2005b) . This model supplied us with high-resolution (0.3Å) absorption-lines defined by the Lick Observatory Image Dissector Scanner (Lick/IDS) system for an extensive set of instantaneous burst binary stellar populations with binary interactions. In particular, its stellar populations span an age range 1-15 Gyr and a metallicity range 0.004-0.03.
STELLAR AGES AND METALLICITIES OF ELLIPTICAL GALAXIES
To determine BSP-equivalent stellar ages and metallicities of elliptical galaxies, we use Hβ and [MgFe] (González 1993) indices in this work. The latter can be calculated by Mgb × 0.5 × (Fe5270 + Fe5335). Fig. 1 displays the Hβ and [MgFe] indices of the 71 elliptical galaxies overlaid onto the theoretical calibration. The open and filled circles represent ellipticals in low-and high-density environments respectively and the error bars show the observational uncertainties of two indices.
The BSP-equivalent stellar age, metallicity of each elliptical galaxy is determined by choosing the best-fitting (t, Z) in a grid of stellar age (t) and metallicity (Z). The grid is elaborate enough and created by interpolating the BSP models at intervals ∆t = 0.1 Gyr and ∆Z = 0.0001. To find the best-fitting (t, Z), we employ the maximum-likelihood fitting method. In Table 1 The data for low-and high-density ellipticals. In the table, 'σ 0 ' means the velocity dispersion and 'E' means the environment. 'L' and 'H' denotes low-and high-density environments, respectively. All line indices are within r e /10 aperture. detail, we obtain the best-fitting age and metallicity of each galaxy by minimizing the function:
where (Denicoló et al. 2005) . Therefore, in this work, we take the maximum deviation as the associated 1σ uncertainty for stellar age and metallicity. Here we show the stellar ages, metallicities and their 1σ uncertainties of the main sample galaxies in Table 2 . The stellar ages of these ellipticals are within the range from 3.9 to older than 15 Gyr and the stellar metallicities span over the range of 0.02 to richer than 0.03. It seems that these ages do not vary as widely as Trager et al. (2000a) whose result is 1.5 -18 Gyr. This should result from the different stellar population synthesis model adopted in this paper. It is found Fig. 1 Line-strength indices of our sample elliptical galaxies in the BSP model in the central r e /10 aperture. Solid lines represent constant age (isochrones) and dashed lines constant metallicity (isofers). Open and filled circles represent low-and high-density ellipticals, respectively. Error bars show the observational uncertainties of two indices.
that about 78% elliptical galaxies have stellar populations older than 8 Gyr. The average stellar age of elliptical galaxies is 10.37 Gyr while the average of metallicity is 0.0277. The average 1σ uncertainties of them are 1.58 Gyr and 0.0015, respectively.
THE TEST OF NEW HIERARCHICAL MODEL
The hierarchical formation of elliptical galaxies has been simulated by many techniques, for example the N-body simulation and semi-analytic simulation techniques. Different models were usually carried out in the framework of a cosmological model with critical matter density and gave different predictions of stellar properties. By now, the cosmology used before has been replaced by the ΛCDM scenario. In this background, De Lucia et al. (2006) constructed a new hierarchical formation model of elliptical galaxies based on the ΛCDM scenario cosmology and studied how the star formation histories, ages and metallicities of elliptical galaxies depend on environment and on stellar mass. As a result, some special predictions are presented by this model. Firstly, it predicted that the populations of ellipticals in high-density environment would be older, more metal rich and redder than those of field ellipticals. Secondly, it predicted that the most massive elliptical galaxies would have the oldest and most metal rich stellar populations. Thirdly, it predicted that the stellar age, metallicity and galaxy color would increase with increasing stellar mass. Fourthly, the stellar mass, ages, metallicities and colors of cluster elliptical galaxies were predicted to decrease on average with increasing distance from the cluster center. In addition, the model quantified the effective progenitors of ellipticals as a function of present stellar mass and then predicted the "down-sizing" or "anti-hierarchical" of star formation histories of ellipticals in a ΛCDM universe. It is an important result, because if this model is right, we will understand the formation of elliptical galaxies much better. Therefore, it is very necessary to test this model. Of course, taking the binary interaction into to the test is important because more than half of stars are binaries as we know. The detailed tests are as follows. 
Stellar age, metallicity and galaxy color variation with environments
A basic prediction of hierarchical galaxy formation picture is that stellar populations of more massive galaxies are older than those of less massive galaxies on average (e.g. Kauffmann 1996) . This is also predicted by the model of De Lucia et al. (2006) . Furthermore, De Lucia et al.'s model predicted that galaxies in denser environment would have more metal rich and redder populations than ellipticals. These specialties are thought to be attributed to the fact that high density regions form from the highest density peaks in the primordial field of density fluctuations. Here we test these specialties with our data. In Fig. 2 , we show the stellar age distributions of both low-and high-density ellipticals. The dashed lines represent the stellar age distribution of ellipticals in low-density environment while the solid lines for high-density ellipticals. We see that the stellar populations of highdensity ellipticals are really older than those of low-density complements. On average, stellar populations of high-density ellipticals are 1.47 Gyr older than those of low-density ellipticals.
In Fig. 3 , we show the stellar metallicity distributions of low and high-density ellipticals. As we see, the plot fails to show that stellar populations of high-density ellipticals are more metal rich than those of low-density ellipticals. We also can see this trend clearly from Fig. 1 that ellipticals in high-density environment really distribute in the lower metallicity region than those field ellipticals. In the figure, filled circles represent ellipticals in high-density environment.
When we study the B − V color distribution of two type elliptical galaxies, the result is consistent with De Lucia (2006) model (see Fig. 4 in more detail). On average, ellipticals in high-density environment are about 0.02 mag redder than those in low-density environment.
Stellar age, metallicity and galaxy color variation with stellar mass
The most important result and prediction of the De Lucia model is that the most massive elliptical galaxies have the oldest and most metal rich stellar populations. Besides, the model predicted that the stellar age, metallicity and galaxy color would increase with increasing stellar mass. We test these predictions in Figs 5, 6 and 7, respectively. Here the stellar masses of elliptical galaxies are calculated by the fitting function suggested by Thomas et al. (2005) :
where M * is the stellar mass and σ 0 is the velocity dispersion. According to previous studies, there is usually a relation between the mass and luminosity of elliptical galaxies, e.g. (M/L) B =(5.93±0.25)h 50 (van der Marel 1991). It means that the luminous elliptical galaxies have the massive masses. Therefore the absolute magnitude is usually used for a indicator of stellar mass of galaxies (e.g. Terlevich & A. Forbes D. 2002) . In order to study the reliability of the mass estimation presented above, we compare the stellar masses calculated by the function with absolute B-band magnitudes of these galaxies, which are taken from HyperLeda database (http://www.brera.mi.astro.it/hypercat/). As a result, we find that luminous elliptical galaxies have more massive stellar masses. Therefore, as a whole, the stellar masses estimated by the fitting function can express the real stellar masses of elliptical galaxies well.
In Fig. 5 , stellar age is plotted as a function of stellar mass. The filled squares with error bars are look-back times and stellar masses predicted by the De Lucia model. The look-back time of a galaxy is the time corresponding to the redshift when 50 percent of the stars were first formed. Open and filled circles with arrows show galaxies that have stellar ages possibly older than 15 Gyr (the maximum age of the BSP model). It is easy to see a trend that more massive ellipticals have older stellar populations and the most massive galaxies have the oldest stars. But the changing of stellar age with stellar mass is different from the model prediction. This is perhaps caused by the somewhat different definitions of look-back time and stellar age. In detail, the stellar age in the simple BSP model is defined corresponding to the redshift when all stars formed at the same time. When we fit the relation between stellar age and stellar mass, we find a linear relation: age = 3.115 log(M * /M ⊙ ) -24.147 , with a 0.656 correlation parameter.
In Fig. 6 , we show the stellar metallicity -stellar mass relation of the main sample elliptical galaxies. The open and filled circles with arrows show ellipticals that have populations possibly more metal rich than 0.03 (the maximum metallicity of the BSP model). The open pentacles with dashed error bars represent the predictions of De Lucia model. From this plot, we see that all galaxies have metallicities richer than the predictions of De Lucia model. However, if we only take ellipticals with stellar metallicities lower than 0.03 into account, our data can be expressed by a trend similar to the prediction of De Lucia model, which can be derived by adding 0.074 (the difference between the maximum metallicity of De Lucia model and that of the BSP model) to each stellar metallicity predicted by De Lucia model. We plot the trend via filled pentacles with solid error bars, which can be seen clearly in Fig. 7 . It means that our data have the same trend as the prediction of De Lucia model. In fact, the result is possibly limited by the theoretical models, thus the difference between our data and prediction of the galaxy formation model is understandable.
The relation between galaxy color and stellar mass is plotted in Fig. 7 . The stellar masses are calculated by this work using eq. (2). Filled circles in the plot represent ellipticals in highdensity environment and open circles represent the field ellipticals. Filled squares with error bars represent the color versus stellar mass relation predicted by the model. We see that our data agree with the relation predicted by the model very well.
Stellar age, metallicity, mass and color variation with cluster-centric distance
The De Lucia model predicted a clear trend driven by mass segregation and incomplete mixing of the galaxy population during the cluster assembly. According to the prediction, within clusters, stellar masses, ages, metal abundances and galaxy colors would decrease on average with increasing distance from the cluster center. To test these trends, we select 11 component elliptical galaxies of Fornax cluster and determine their stellar ages and metallicities from Hβ and [MgFe] line indices within r e /8. The line indices of these galaxies are derived from Kuntschner (2000) and their coordinates and B −V colors are derived from HyperLeda database (http://www.brera.mi.astro.it/hypercat/). Here we show the main data of 11 ellipticals in Table  3 . It is noticeable that we use the angular distance to the centric galaxy NGC 1399 (a galaxy well studied, e.g. Loewenstein et al. 2005) instead of the real cluster-centric distance for each elliptical galaxy, because it is difficult to determine the accurate distances of galaxies while they have uncertain peculiar velocities. The main results are show in Figs 8, 9 and 10. In Fig. 8 , stellar metallicity is plotted as a function of angular distance to NGC1399 (θ 1399 ). We see that it is difficult to find a clear trend in the whole angular distance range. But within a small range, e.g. 2.5 arcmin, the stellar metallicity seems to decrease with increasing angular distance.
The relation of B − V color and angular distance is shown in Fig. 9 while the relation of stellar mass and angular distance in Fig. 10 . The two plots do not show clear support or opposition to the model, neither. In addition, it is found that the trend between stellar age and mass, which we do not show here, seems almost random. In Figs 8, 9 and 10, we see that there are only 3 galaxies with angular distance farther than 0.6 arcmin, we suggest the less elliptical galaxies that farther than 0.6 arcmin must affect all trends relating to cluster-centric distance. Furthermore, the small sample of elliptical galaxies we used perhaps affects the results. Fig. 8 The plot of elliptical galaxies in (Z, θ 1399 ) plane. Z and θ 1399 are stellar metallicity and angular distance to NGC 1399, respectively. Fig. 9 The plot of elliptical galaxies in (B − V , θ 1399 ) plane. θ 1399 has the same meaning as in Fig. 8 .
DISCUSSION AND CONCLUSION
We determined stellar ages and metallicities of about 80 elliptical galaxies using the BSP model of Zhang et al. (2005b) and test the latest formation model of elliptical galaxies (De Lucia 2006) for the first time. We find that elliptical galaxies have stellar populations about 10 Gyr old and more metal rich than 0.02 (see also Zhou et al. 1992 ).
When we analysis our data, we find that stellar populations of elliptical galaxies in highdensity environment are about 1.5 Gyr older while 0.001 less metal rich than those of field Fig. 10 The plot of elliptical galaxies in [log(M star /M ⊙ ), θ 1399 ] plane. log(M star /M ⊙ ) represents stellar mass of galaxies and θ 1399 has the same meaning as in Fig. 8 . elliptical galaxies. We also find that elliptical galaxies in high-density environment are about 0.02 mag redder than field ellipticals. Furthermore, we find that more massive ellipticals are redder and have older and more metal rich stellar populations than those less massive ones. It also seems that the most massive ellipticals have the oldest and most metal rich populations. However, elliptical galaxies in low-density environment show more metal rich stellar populations than those high-density complements. In fact, this trend is completely opposite to the prediction of De Lucia et al. model. When we test the stellar mass, age, metallicity and galaxy color variation with the cluster-centric distance, the results do not show clear support or opposition to the model and it seems that they are affected by using the angular distance instead of clustercentric distance and the small elliptical galaxy sample we used. Therefore, the results derived from BSP model support the ΛCDM-based hierarchical model of elliptical galaxies formation, expect the metallicity distribution with environments and the changing of stellar peculiarities with cluster-centric distance. However, the doubtless conflict between our result and prediction of the model, i.e. the result that low-density elliptical galaxies have more metal rich populations than high-density elliptical galaxies, should be paid attention to.
